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Biofilms of pathogenic bacteria are present on the middle ear mucosa of children with chronic otitis media
(COM) and may contribute to the persistence of pathogens and the recalcitrance of COM to antibiotic
treatment. Controlled studies indicate that adenoidectomy is effective in the treatment of COM, suggesting that
the adenoids may act as a reservoir for COM pathogens. To investigate the bacterial community in the adenoid,
samples were obtained from 35 children undergoing adenoidectomy for chronic OM or obstructive sleep apnea.
We used a novel, culture-independent molecular diagnostic methodology, followed by confocal microscopy, to
investigate the in situ distribution and organization of pathogens in the adenoids to determine whether
pathogenic bacteria exhibited criteria characteristic of biofilms. The Ibis T5000 Universal Biosensor System
was used to interrogate the extent of the microbial diversity within adenoid biopsy specimens. Using a suite of
16 broad-range bacterial primers, we demonstrated that adenoids from both diagnostic groups were colonized
with polymicrobial biofilms. Haemophilus influenzae was present in more adenoids from the COM group (P �
0.005), but there was no significant difference between the two patient groups for Streptococcus pneumoniae or
Staphylococcus aureus. Fluorescence in situ hybridization, lectin binding, and the use of antibodies specific for
host epithelial cells demonstrated that pathogens were aggregated, surrounded by a carbohydrate matrix, and
localized on and within the epithelial cell surface, which is consistent with criteria for bacterial biofilms.

Chronic otitis media (COM) is a primary reason for young
children to visit a physician. An early childhood history of
COM can result in auditory and verbal disabilities that exert
influence into late childhood, rendering treatment of recurrent
otitis media (ROM) and otitis media with effusion (OME)
desirable (2, 4, 5, 6, 67). Repeated cycles of antibiotics for
treatment of COM make it the leading reason for antibiotic
usage in children (2). Treatment may also entail surgery for the
placement of tympanostomy tubes (TT) to reduce the inci-
dence of ROM and alleviate middle ear fluid associated with
OME. Adenoidectomy has been shown to be an effective treat-
ment for COM in randomized controlled studies and, together
with TT placement, has been associated with reduced need of
further surgical intervention for OM (15, 25, 26, 37). Adeno-
idectomy is also performed for the treatment of obstructive
sleep apnea (OSA) and as an adjunctive therapy for patients
suffering from chronic rhinosinusitis (CRS) (44). Several re-
ports have examined the bacteria present in adenoids from

these diagnostic groups using culture-based methods and
shown that adenoids harbor bacteria (9, 10, 16, 21, 62, 68).
Adenoidectomy may also remove a physical obstruction of the
Eustachian tubes, thereby restoring mucus drainage and nor-
mal pressure in the middle ear (7) affecting the ability of
pathogens to invade and reside within the middle ear space.
However, adenoidectomy is effective for reducing the recur-
rence of COM regardless of the size of adenoids in children �3
years of age, suggesting that physical obstruction of the airway
may not be the principal risk factor in COM (26, 49). While
OM is certainly a multifactorial disease, it is now well estab-
lished that viral infection of the upper respiratory tract (URT)
is a predisposing risk that influences the ability of bacterial
pathogens prevalent in OM, such as Haemophilus influenzae,
Streptococcus pneumoniae, and Moraxella catarrhalis, which
normally colonize the nasopharynx, to induce inflammation
and invasion of the middle ear mucosa (MEM) (5). Thus,
adenoidectomy is thought to remove a reservoir of pathogens
that transiently colonize the URT mucosal epithelium and
contribute to this polymicrobial infection.

A current hypothesis suggests that COM is associated with
the persistence of bacterial pathogens in biofilms despite the
use of antibiotics. This hypothesis has been supported by both
animal model studies in experimentally infected chinchillas
(20, 36, 58) and a prospective clinical trial in which bacterial
biofilms of H. influenzae, S. pneumoniae, and M. catarrhalis
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were directly detected on the MEM epithelia obtained from
children undergoing TT placement for the treatment of COM
(28). No evidence of OM pathogens was found on the MEM of
uninfected animals or in humans in a control population with-
out a history of OM undergoing surgery for the placement of
cochlear implants, suggesting that pathogenic biofilms are not
present on the MEM in the absence of middle-ear disease.

Moreover, several studies describe biofilms consisting of un-
identified bacteria on the surfaces and crypts of adenoids re-
moved from children being treated for COM, CRS, chronic
adenotonsillitis, and OSA and within the tissue and crypts of
inflamed tonsils from children with chronic tonsillitis (1, 11, 38,
55), demonstrating that uncharacterized bacterial biofilms are
present in other chronic URT infections. Biofilm infections are
clinically significant because these three-dimensional (3D), ad-
herent, organized communities of bacteria are far more recal-
citrant to antibiotic therapy and killing by host phagocytic cells
(27, 30, 35).

Few clinical studies, however, have documented the pres-
ence of specific bacterial pathogens that meet the criteria for
biofilm infections. These criteria are as follows: (i) bacteria are
aggregated, (ii) bacteria are associated with a surface (epithe-
lium), (iii) bacteria are encased in a complex extracellular
matrix, and (iv) bacteria are recalcitrant to antibiotic treatment
(30, 52). Although simple diagnostic methods are currently
lacking for determining that an infection is biofilm associated,
it is nevertheless possible to assess which pathogens are pres-
ent and how pathogens are distributed and organized in clin-
ical specimens and whether the criteria for biofilm infections
are met (28, 42). The in situ demonstration of bacterial patho-
gens in biofilms on a mucosal surface in the respiratory tract
during different disease states will improve our understanding
of the various strategies used by microorganisms to persist in
the face of intact host immune responses and antibiotic ther-
apy in chronic infections (50). Furthermore, a better under-
standing of the complex polymicrobial-host interactions that
play a role in COM will better facilitate the design of more
effective clinical treatments.

We undertook the present study to assess whether there
were (i) differences in the bacterial population in the adenoids
between two pediatric diagnostic groups undergoing adeno-
idectomy for either COM or OSA and (ii) whether pathogenic
bacteria were present in biofilms which might contribute to the
persistence of pathogens in the URT. For the first objective,
we used a novel, culture-independent approach, the Ibis T5000
system, which detects and identifies the presence of a broad
range of bacteria (17, 18, 19). We used this approach because
culture-independent techniques have proved superior in de-
tecting bacteria associated with chronic inflammatory infec-
tions such as COM (28, 53, 57). However, while conventional
PCR requires the a priori choice of pathogen-specific primers
and probes to target bacteria that may be present, the Ibis
T5000 uses mass spectrometry-derived base composition mi-
crobial signatures obtained from the PCR amplification of
multiple, widely conserved genes (including a combination of
16S ribosomal DNA and selected housekeeping gene primers)
present in the sample to yield species-specific bacterial resolu-
tion regardless of species or phylogeny. We further investi-
gated the adenoid tissue of the two diagnostic groups in situ
using confocal laser scanning microscopy (CLSM) to evaluate

whether selected bacterial pathogens associated with adenoids
met specific criteria for biofilm infections using fluorescence in
situ hybridization (FISH), carbohydrate probes, and antibodies
specific for epithelial cells.

MATERIALS AND METHODS

Patient population. Adenoids were obtained from 35 children between 1 and
10 years of age (mean age, 4.1 years; 18 males and 17 females), undergoing
routine adenoidectomy for either COM (n � 23) or OSA (n � 12). Patients were
enrolled in the Division of Pediatric Otolaryngology, Wayne State University
School of Medicine, Detroit, Michigan, and in the Division of Pediatric Otolar-
yngology, Department of Otolaryngology and Communication Sciences, Medical
College of Wisconsin, Milwaukee, Wisconsin, with IRB approval from both
institutions.

Adenoid tissue acquisition and preparation. Immediately after surgery the
specimens were either placed in sterile Hanks buffered saline solution (HBSS)
(Invitrogen, Carlsbad, CA) or snap-frozen in liquid nitrogen and shipped over-
night on ice or dry ice, respectively, to the Center for Genomic Sciences (CGS).
On arrival at the CGS, Ibis samples (12 COM and 10 OSA) were stored at �80°C
until evaluation with the Ibis T5000 biosensor system. Adenoids for in situ
analysis (12 COM and 6 OSA) were immediately immersed in fresh, sterile
HBSS, and one section of the tissue was used immediately to assess bacteria
viability, extracellular matrix presence and antibiotic susceptibility, while the
remaining part of the specimen was fixed with fresh 4% paraformaldehyde
(Electron Microscopy Sciences, Hatfield, PA) in 3� phosphate-buffered saline
(PBS) overnight at 4°C. Fixed samples were then washed with PBS and stored in
1:1 PBS-ethanol at �20°C until evaluation with FISH, generic fluorescent stain-
ing, and immunostaining.

Ibis T5000 biosensor system evaluation of adenoid tissue. Nucleic acid (NA)
was extracted from the samples according to standard Qiagen protocols (Qiagen,
Germantown, MD). Briefly, 25 mg of tissue was teased apart in ATL (lysis) buffer
and added to 100 �l of 0.1-mm zirconia/silica beads (19). Separately, 200 �l of
medium was added to 500 �l of ATL buffer and 100 �l of beads and then
processed for 20 min in a Qiagen tissue lyser. Two hundred microliters of
material was placed in a mini-spin column and washed to yield 200 �l of purified
genomic material, 5 �l of which was added to each well of a broad screening
TAR 35 lower-calibrant-level (low Cal) plate. Six samples were run per plate and
45 PCR cycles were performed, followed by desalting for electron spray ioniza-
tion (ESI) and time-of-flight (TOF) mass spectrometric (MS) analysis.

CLSM. CSLM imaging was performed as described previously (51). Briefly,
after staining, tissues were mounted in a 35-mm petri plate and imaged with a
Leica DM RXE microscope attached to a TCS SP2 AOBS confocal system
(Leica Microsystems, Exton, PA) using either a �63 water immersion lens (NA
1.2) or a �10 dry objective lens for low-power mapping. Sequential scanning was
used to further eliminate interference from multiple dyes. Images were collected
and analyzed by using the Leica LCS software and Imaris software (Bitplane, St.
Paul, MN) by one observer who was blinded to the diagnostic group to which the
adenoids belonged.

In situ viability and antibiotic susceptibility assays. Fresh adenoidal tissue was
rinsed with sterile HBSS, sectioned into approximately 0.25- to 0.5-cm-thick
sections with a sterile surgical scalpel and stained with BacLight Live/Dead NA
probes (Invitrogen) according to the manufacturer’s instructions to stain live
bacteria green and dead bacteria red. A subset of fresh tissue sections was
assayed to determine in situ antibiotic killing. Briefly, 2 mg of azithromycin (USP,
Rockport, MD)/ml in sterile HBSS was added to some adenoid sections, fol-
lowed by incubation for 2 h at 37°C (43). Azithromycin was selected because (i)
it is widely used in infections of the middle ear and oropharynx and (ii) it
accumulates in macrophages and in tracheal epithelial fetal cell lines (43). For
this reason, it should broadly kill both extracellular and intracellular bacteria.
Although we could not determine the MIC of the bacteria present in the tissue,
since MIC is measured on planktonic cells, we know from Thornsberry et al. (64)
that the MIC90 for H. influenzae is 2 �g/ml (1,032 isolates tested), that for S.
pneumoniae is 16 �g/ml (1,275 isolates tested), and that for M. catarrhalis is 0.12
�g/ml (444 isolates tested). However, bacteria in biofilms are often over 100
times more resistant to antibiotics (14, 23, 29, 65). We therefore used 2 mg/ml
because it is �125 times the MIC90 of the most common respiratory pathogens
and should sufficiently test whether biofilm bacteria demonstrated increased
recalcitrance to antibiotic. One tissue section in each experiment was incubated
with HBSS alone without antibiotic. Sections were then rinsed, stained with the
BacLight Live/Dead, and imaged by using CLSM, as previously described (51).
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FISH. FISH was performed on a subset of 18 adenoids (12 OM and 6 OSA)
as previously described (28, 51). Briefly, fixed adenoids were sectioned as de-
scribed above, and a solution of 0.5 mg of lysozyme (Sigma)/ml in 0.1 M Tris-HCl
and 0.05 M Na2EDTA was added to the specimens, followed by incubation at
37°C for 3 h as an additional permeabilization step for the improved detection of
Gram-positive bacteria. Fixed, permeabilized adenoid sections were then incu-
bated in an ethanol series of 80 and 100% for 3 min each, and FISH was
performed with species-specific and genus-specific fluorescent 16S rRNA probes
for H. influenzae, S. pneumoniae, M. catarrhalis, Staphylococcus aureus, Strepto-
coccus sp., and Staphylococcus sp. (Integrated DNA Technologies, Inc, Cor-
alville, IA), conjugated with FAM-5 or the sulfoindocyanine dyes Cy3 or Cy5. All
FISH probes used in the present study were extensively tested for cross-reactivity
for respiratory pathogens (28). The “universal” eubacterial (EUB338) and non-
sense (NONEUB338) probes were used as positive and negative controls and
hybridization conditions were tested systematically in vitro to ensure specificity
for each probe. Each adenoid section was incubated with probe-specific form-
amide and salt concentrations and then immersed in washing buffer with the
probe-specific salt concentration as previously described (28, 51). Samples were
rinsed in sterile MilliQ water and observed with CLSM.

Quantitative analysis of bacteria in tissue sections. The total number of
bacteria in each adenoid tissue section (six sections per adenoid) was quantified
by counting the number of adherent bacterial cells and bacterial cells within
biofilm aggregates in 10 random fields of view using Imaris image analysis
software. Bacterial aggregates and individual cells that would otherwise be ob-
scured in a flat projection were readily discernible by rendering the confocal
stacks and three-dimensionally rotating the image.

Bacterial localization and immunostaining. To determine the distribution of
bacteria specifically associated with adenoid tissue, adenoid tissue was stained
with phalloidin, a general eukaryotic cytoskeletal stain specific for filamentous
actin (F-actin), and the cytokeratin 5/6/8/18 mouse monoclonal antibody cocktail,
which was used as a marker for epithelial cells. For F-actin staining, tissue
samples were first treated with 0.1% Triton in HBSS for 3 to 5 min to perme-
abilize the adenoidal epithelial cells, rinsed, and stained with Alexa Fluor 488-
phalloidin (Invitrogen) for 25 min. Samples were simultaneously stained with
Syto 59 (Invitrogen) according to the manufacturer’s instructions to generally
stain bacteria and to visualize host cell nuclei. For cytokeratin immunostaining of
epithelial cells, an antigen retrieval protocol was used for specimens previously
fixed for FISH. Briefly, samples were rinsed with sterile HBSS and blocked with
5% fetal bovine serum (FBS; HyClone, Logan, UT) for 30 min, rinsed again with
HBSS, and incubated with 2.1 mg of citric acid (Fisher Scientific)/ml in double-
distilled water (pH 3) for 1 h at 37°C. After a rinse with HBSS–5% FBS, the
samples were incubated with cytokeratin 5/6/8/18 mouse monoclonal antibody
cocktail (Vector Laboratories, Burlingame, CA) at 1:50 in HBSS for 1 h at 37°C,
washed with HBSS–5% FBS, and incubated with 20 �g of anti-mouse fluores-
cein-conjugated IgG (Vector Laboratories, Burlingame, CA)/ml for 1 h. Samples
were rinsed, stained with Syto 59, and imaged by using CLSM.

Lectin binding to extrapolymeric carbohydrates. A subset of fresh sections of
adenoid tissue was also stained with a cocktail of Alexa 488-conjugated lectins
(Invitrogen) specific for �-mannopyranosyl, �-glucopyranosyl, and terminal �-
and �-linked N-acetyl-D-glucosaminyl, �-galactose and �- and �-N-acetyl-galac-
tosamine and galactopyranosyl residues to assess the presence of the polysac-
charide components as evidence of a biofilm EPS (29). Then, 3 �l of Syto 59 NA
stain was added per ml of cocktail to stain the bacteria and host nuclei. Samples
were stained for 35 min, rinsed to remove unbound probes, and examined with
CLSM.

Statistics. Data were reported as means � 1 standard deviation (SD). Statis-
tical comparisons were made by using one-way analysis of variance (Excel,
Microsoft Office 2003). Differences were considered statistically significant for
P 	 0.05.

RESULTS

Initial identification of bacteria using Ibis T5000 analysis.
H. influenzae, S. pneumoniae, M. catarrhalis, and S. aureus were
present in 66.7, 50, 16.6, and 8.3%, respectively, of adenoids
obtained from patients with a history of COM (Table 1). In
contrast, these same organisms were found in 10, 50, 10, and
30%, respectively, of adenoids from patients with OSA. The
pathogen makeup of the COM and OSA diagnostic groups
(measured as present or absent) differed significantly only for

H. influenzae (P � 0.005). Although there was no statistical
difference between the two patient groups for the presence of
S. pneumoniae, the frequency of nonpneumococcal strepto-
cocci, including hemolytic and viridans streptococcal species,
was greater in the COM group (P 	 0.005). In addition to the
three major OM pathogens and S. aureus, Ibis T5000 broad-
based analyses demonstrated the presence of a number of
other oral and upper respiratory tract pathogens, including
pathogenic streptococci, Pseudomonas aeruginosa, Neisseria
meningitidis, and others (Table 1). The anaerobe Fusobacte-
rium nucleatum was found in 17% of adenoids from children
with COM and in 40% of adenoids from OSA patients. S.
aureus was three times more likely to be in adenoids from
patients with OSA than from COM patients; however there
was no statistically significant difference between these two
groups (P � 0.05). The bacterial diversity was twice as great for
adenoids from the COM group, with 24 different types of
bacteria present, compared to 10 in the OSA group.

TABLE 1. Bacteria detected by using the Ibis T5000 Biosensor in
adenoids from children with COM and OSA

Organism

No. (%) of isolates

COM
(n � 12)

OSA
(n � 10)

Aerobic and facultative organisms
Gram-positive cocci

Streptococcus pneumoniae 6 (50) 5 (50)
Staphylococcus aureus 1 (8.3) 3 (30)
Staphylococcus hominis 1 (8.3) 0 (0)

Hemolytic and viridans streptococci
Streptococcus thermophilus 2 (16.6) 0 (0)
Streptococcus gordonii 2 (16.6) 0 (0)

Other Streptococcus spp.
Streptococcus mitis or S. agalactiae 1 (8.3) 1 (10)
Streptococcus mutans, S. peroris,

or S. anginosus
1 (8.3) 0 (0)

Streptococcus/Enterococcus 1 (8.3) 0 (0)
Gram-negative cocci

Moraxella catarrhalis 2 (16.6) 1 (10)
Neisseria meningitidis 1 (8.3) 0 (0)
Neisseria flavescens 1 (8.3) 0 (0)

Gram-positive bacilli
Corynebacterium pseudodiphtheriticum 1 (8.3) 0 (0)
Arthrobacter oxydans 1 (8.3) 0 (0)

Gram-negative bacilli
Haemophilus influenzaea 8 (66.7) 1 (10)
Pseudomonas aeruginosa 1 (8.3) 0 (0)
Serratia marcescens 1 (8.3) 0 (0)
Mannheimia haemolytica 1 (8.3) 0 (0)
Moraxella sp. 1 (8.3) 2 (20)
Mannheimia, Pasteurella, and

Haemophilus spp.
0 (0) 1 (10)

Enterobacter sp. 1 (9.1) 0 (0)

Microaerophilic and anaerobic organisms
Gram-positive bacilli
Eubacterium sulci 1 (8.3) 0 (0)
Gram-negative bacilli
Fusobacterium nucleatum 2 (16.6) 4 (40)
Prevotella intermedia 0 (0) 1 (10)
Prevotella spp. 0 (0) 1 (10)

Total 
pathogen/adenoid ratio� 24/12 
2.0� 10 
1�

a P � 0.005.
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In situ determination of pathogen distribution and ultra-
structure. Unfixed adenoid samples were examined in situ
upon receipt using the BacLight viability stain, which demon-
strated viable bacteria associated with the epithelial surfaces of
adenoids in all samples. Moreover, many of the bacteria asso-
ciated with the mucosal surface were present as large aggre-
gates (Fig. 1). Both cocci and rods covered the adenoidal
epithelial surface, with numerous single cells and bacterial
aggregates attached to the mucosal surface. The distribution
was heterogeneous with some areas of the mucosa associated
with multiple layers of bacteria, while other areas were devoid
of bacteria. Furthermore, in situ antibiotic susceptibility assays
performed on a subset of the adenoid samples showed that
there were viable bacteria present even after treatment with
�100 times the MIC90 of azithromycin for 2 h. Figure 1B
shows representative images from three replicate experiments.

FISH-based analyses demonstrated that pathogenic bacteria
were present on and within the adenoids from both COM and
OSA patient groups. Bacterial aggregates were associated with
the surface of the adenoid adherent to the epithelium, within
crypts, and intracellularly (Fig. 2). The pathogens H. influen-
zae, S. pneumoniae, M. catarrhalis, and S. aureus were all ob-
served associated with the surface epithelium, and some of
these were also observed intracellularly, adjacent to the host
cell nucleus in several samples (Fig. 2D). PCR confirmed the

presence of H. influenzae in 11 of 12 FISH-positive COM
samples and the presence of S. pneumoniae in 10 of 11 FISH-
positive COM adenoids (�90% correlation). PCR also con-
firmed in one case the absence of S. pneumoniae in a FISH-
negative COM sample.

In situ quantitative assessment of pathogenic bacteria.
COM adenoids exhibited 50 and 70% more H. influenzae and
M. catarrhalis bacteria, respectively, than adenoids from OSA
patients, and H. influenzae cell clusters were present twice as
often in COM adenoids compared to OSA adenoids. However,
these differences were not significant (P � 0.05) (Fig. 2I). Both
diagnostic groups showed similar numbers of S. pneumoniae
and S. aureus. The COM patient group had 3.4 times more
Streptococcus sp. associated with adenoid tissues compared to
the OSA group; however, this was not statistically significant
(data not shown).

Lectin binding and colocalization with bacterial carbohy-
drate matrix in adenoids. Since bacterial viability staining on
fresh adenoids and 16S FISH both demonstrated that bacteria
were found in aggregates, we further examined these bacterial
aggregates to determine whether they exhibited a carbohydrate
matrix, which is a hallmark of biofilm (Fig. 3). The colocaliza-
tion of lectin and NA probes demonstrated that carbohydrate
binding occurred only in the presence of bacteria that stained
with the Syto 59 NA probe. Thus, bacteria were observed

FIG. 1. Viable bacteria on adenoids from four patients undergoing adenoidectomy for treatment of COM. (A) Live (green) and dead (red)
bacteria adherent to the adenoid mucosal surface. (B) Aggregated live bacteria covering �100 �m on the adenoid surface treated with
azithromycin. (C) Viable single-celled and bacterial clusters (green) adherent to the mucosal surface stained with phalloidin (blue). (D) Viable
bacteria within a crypt showing diplococci (arrowheads). Scale bar, 10 �m.
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directly attached to the mucosal surface and encased in an
extracellular polymeric substance (EPS) matrix characteristic
of bacterial biofilms, in this case a carbohydrate matrix. Intra-
cellular pathogenic bacteria were also enveloped within an
EPS matrix evidenced by carbohydrate binding within the ep-
ithelial cells (Fig. 4).

Localization of bacteria adjacent to and within adenoidal
epithelial cells. Phalloidin labeling of F-actin to determine the
localization of bacterial cells relative to host tissue was incon-
clusive since phalloidin stains F-actin in multiple cell types.
Therefore, immunostaining with an epithelial cell specific an-
tibody cocktail was used to determine whether bacteria were
specifically associated with adenoidal epithelial cells. When
FISH was followed by immunostaining with a pan-cytokeratin
monoclonal antibody cocktail, bacterial aggregates were ob-
served attached to the mucosal epithelial surface and localized
within the epithelial cell cytoplasm (Fig. 5). Intracellular ag-
gregates were determined to be inside epithelial cells by (i) the

lack of polymorphous lobed nuclei, readily observed after nu-
cleic acid staining, and (ii) positive immunostaining with the
pan-cytokeratin-specific antibody. Intracellular bacteria were
densely packed together and brightly fluorescent, a finding
consistent with the presence of high numbers of ribosomes
(22). The bacteria were observed adjacent to the nuclei within
the cytoplasm of epithelial cells. Intracellular S. pneumoniae
was present in adenoids from both groups.

DISCUSSION

To test clinically relevant specimens for the presence of
pathogenic biofilms, we examined adenoidal tissue from chil-
dren undergoing adenoidectomy for COM or OSA using mo-
lecular and in situ imaging approaches to see whether these
clinical diagnoses differed in (i) the types of pathogens associ-
ated with the adenoids and (ii) the distribution of pathogenic
species in adenoid tissue. The Ibis T5000 Universal Biosensor

FIG. 2. In situ pathogen distribution and organization in adenoid tissue. (A and B) H. influenzae-specific (green) and EUB (red) 16S rRNA
probes, hybridizing with bacterial clusters in an adenoid crypt from a child with COM (A) and, at higher magnification, coccobacillus morphology
(B). (C and D) S. pneumoniae-specific probe (green) on phalloidin-stained adenoid cells (blue) from a child undergoing adenoidectomy for OSA
(C) and a higher-magnification image of aggregated S. pneumoniae (green) surrounded by host cell cytoskeleton (blue) and nuclei (red) (D). (E
and F) M. catarrhalis (green) in a COM adenoid and unidentified bacteria hybridized with the universal eubacterial probe (red). (G and H) Bacteria
hybridized with S. aureus (green) and eubacterial (red) probes in an OSA adenoid. Scale bar, 10 �m. (I) Mean number of bacteria/mm2 identified
by FISH in adenoid tissue sections from COM or OSA groups. The numbers above the bars represent the pathogen ratio: COM versus OSA. Error
bars, 1 SD.
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has advantages over conventional PCR detection methods be-
cause it does not require a presumptive target and detects a
broad range of bacteria more rapidly compared to culture
methods (17–19, 35), making it a powerful tool for determining
the presence of bacteria in a clinical sample. The Ibis approach
indicated that multiple aerobic and anaerobic bacteria were
present in the adenoids of both the COM and the OSA diag-
nostic groups (Table 1) with differences between the two
groups. First, H. influenzae was more frequently detected in the
COM group than in the OSA diagnostic group (P � 0.005).
Second, there was twice the species diversity of bacteria pres-
ent in adenoids from the COM group, including several patho-
gens associated with other diseases of the human oronasophar-
ynx, than in the OSA group. Third, there was no statistical
difference between the two patient groups for the presence of
S. pneumoniae; however, the frequency of nonpneumococcal
streptococci, including hemolytic and viridans streptococcal
species, was greater in the COM group in accordance with the
increased microbial diversity present in this group. F. nuclea-
tum was present in adenoids from both OSA and COM. This
anaerobic bacterium is believed to contribute to the coaggre-
gation of polymicrobial oral bacteria, leading to biofilm forma-
tion in plaque and periodontal disease (39), and others have
identified this pathogen in the NP of patients with OM (32)
and in adenoids using anaerobic culture methodology (10, 11).

The localization and distribution of bacteria associated with
adenoids was investigated using several in situ methods de-
signed to assess whether bacteria met several specific criteria
for biofilms. Extensive mucosal biofilms, indicated by large
aggregates of viable bacteria, and attached to the adenoidal
surface epithelium were observed using CLSM in conjunction
with BacLight NA or lectin probes on unfixed tissue, followed
by CLSM with FISH probes on fixed tissue. Concomitant FISH
and lectin probe staining demonstrated that carbohydrate co-
localized specifically with H. influenzae, S. pneumoniae, M.
catarrhalis, and S. aureus. 3D structures encased in an extra-
cellular matrix and associated with the epithelia indicate that a
carbohydrate matrix bound by the lectin probes is produced by
bacteria. Although the biofilm matrix is structurally complex
(29, 34, 36), demonstration of the matrix with carbohydrate
probes gave the most unambiguous results of intracellular bio-
films. Furthermore, ex vivo incubation of the adenoid epithe-
lium with antibiotics demonstrated that biofilm bacteria were
recalcitrant to antibiotic killing.

H. influenzae, S. pneumoniae, M. catarrhalis, and S. aureus
were present in adenoids from both diagnostic groups in bio-
film clusters localized on the mucosal surface and within ade-
noid crypts. Moreover, FISH and CLSM better demonstrated
that pathogen-specific bacteria were present in aggregated 3D
structures in tissue samples compared to conventional thin-

FIG. 3. Bacteria on adenoid mucosa from patients with COM exhibit a carbohydrate matrix. (A) Rods and cocci stained with Syto 59 (red)
(which also stains host nuclei) overlying adenoid tissue (blue) colocalized with lectin, which binds carbohydrates (green). (B) Panel A at a higher
magnification. (C and D) Higher-resolution images showing cocci and rods (arrows) surrounded by lectin-bound matrix (green). The blue is the
reflected light from the tissue. Scale bar, 10 �m.
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section hematoxylin-and-eosin staining of the same tissue (data
not shown). We have previously used FISH to evaluate multi-
ple clinical tissues for bacterial biofilms in clinical infections
where the etiology of infection is unknown (40, 51, 61), with
similar qualitative results.

To attempt to quantify the frequency of different bacteria by
another method, we used FISH in conjunction with 3D image
analysis. The results indicated that the ratio of H. influenzae in
cell clusters was greater in adenoids from COM compared to
OSA; however, the Ibis approach alone showed a significant
difference in the frequency of H. influenzae between the two
groups. These results are broadly consistent with other re-
searchers who have reported the presence of H. influenzae in
pediatric adenoids using culture. Suzuki et al. showed that
adenoids from children with OME had significantly more H.
influenzae than adenoids from children without OME (62). In
that study, the authors also noted an increased likelihood of
patients with OME to have rhinosinusitis. Faden et al. also
showed that the carriage rate of H. influenzae was greater in
young children with OME, and the extent of colonization cor-
related with OME (21).

Forsgren et al. (22), however, found no significant difference
in H. influenzae in children with or without OME using FISH
16S rRNA probes. FISH is extremely sensitive, and Heiniger et
al. found it had the highest detection rate of M. catarrhalis in
clinical samples, exhibiting a higher rate than surface culture,
PCR, or immunohistochemistry (33). Although our results us-
ing quantitative FISH analysis supported the trend of more H.
influenzae in COM, it did not show significant differences be-
tween the patient groups. This may be because CLSM/FISH

quantitative image analysis was labor-intensive and therefore
possibly more prone to sampling error. The Ibis approach, on
the other hand, detected pathogens in a completely nonantici-
patory and nonbiased way using the amplicon weight to calcu-
late a base composition signature, which is then checked
against a database of �300 phylogenetically diverse bacteria
(18). These results suggest that Ibis was superior for quantita-
tive detection, while FISH was better suited for confirming the
presence of specific pathogens and determining whether they
met specific criteria for biofilms in clinical samples.

Nevertheless, quantitative image analyses of OM-specific
pathogenic bacteria in adenoid samples using FISH probes,
broadly supported Ibis results. S. pneumoniae and S. aureus
were present in similar ratios in adenoids from both COM and
OSA groups, and the frequency of cell clusters hybridizing with
the Streptococcus genus 16S FISH probe was 2-fold higher in
adenoids from COM than from OSA, also supporting Ibis
analysis. Colonization of the NP with S. pneumoniae and S.
aureus is common and dependent upon age and daycare atten-
dance (8). The finding that S. aureus was present in adenoids is

FIG. 4. Intracellular bacteria exhibit an EPS matrix characteristic
of biofilms. (A) Low-power magnification shows epithelial cells (blue)
and 16S hybridized bacteria (green). Scale bar, 8 �m. (B) High power
of invaded cell stained with epithelial cell-specific monoclonal anti-
body (blue) alone. (C) Same region showing EUB338
 bacteria
(green) with EPS (cyan) colocalized with lectin probes. (D) Overlay of
panels B and C. Cross-sections show bacteria within the epithelial cell.
Scale bar, 3 �m. The subpanels show a xy plan view with xz and yz
sagittal sections, below and to the right, respectively.

FIG. 5. Intracellular pathogens within adenoids stained with an
antibody specific for epithelial cells. Epithelial cells (green) with in-
tracellular S. pneumoniae (A) and EUB338 plus bacteria (B), hybrid-
ized with 16S FISH probes (red). Blue is the reflected light from the
tissue. Cross-sections show bacteria within the epithelial cell. Scale bar,
10 �m. The subpanels show a xy plan view, with xz and yz sagittal
sections, below and to the right, respectively.
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consistent with the clinical observation that adenoidectomy
improves signs and symptoms associated with CRS in children
(48). Overall, these data suggest that hypertrophic adenoids,
removed for OSA, are infected with pneumococcus and/or S.
aureus, a result that invites further study.

To further investigate the specific localization of bacteria in
biofilms on adenoid tissue, FISH was used in combination with
the fluorescently conjugated cell markers, phalloidin and pan-
keratin. Pathogenic biofilms colocalized with host cells in ad-
enoid tissue stained with phalloidin, frequently appearing to be
inside the cytoplasm, and we hypothesized that the extensive
rinsing associated with FISH increased the likelihood of find-
ing intracellular pathogens. However, since phagocytic cells
also contain F-actin, particularly following bacterial induced
motility (47), pathogenic biofilms were further assayed for
their specific association with the adenoid epithelium using an
antibody specific for epithelial cells. These experiments dem-
onstrated that bacteria were associated specifically with epi-
thelial cells, sometimes located intracellularly. Intracellular 3D
structures of H. influenzae, S. pneumoniae, M. catarrhalis, and
S. aureus, as with extracellular biofilms were encased in a
carbohydrate matrix, indicating that intracellular aggregates
were biofilms (Fig. 4).

Numerous reports have demonstrated these pathogens ad-
here to and invade epithelial cells. H. influenzae utilizes several
adhesive factors which lead to colonization and invasion of
human epithelial cells, including adenoidal epithelium (44, 54,
55, 63). Specifically, adhesins, pili, and lipooligosaccharides
associated with H. influenzae lead to the attachment and inva-
sion of cultured human epithelial cells via diverse pathways
(41, 60, 63). M. catarrhalis has been shown to colonize and
invade pharyngeal epithelial cells (45, 59), and intracellular M.
catarrhalis was specifically found in adenoids and tonsils (33).
Intracellular S. aureus was demonstrated in nasal epithelium
from patients treated for CRS (12, 62). S. pneumoniae has been
shown to invade broncho-epithelial cells (54) and appears to
modulate capsule production upon adherence to epithelium
(31) and during pneumococcal biofilm formation in vitro (29).
Intracellular pneumococcus has also been demonstrated in
vivo in the MEM of children with OME (13). Intracellular
biofilm development has been observed in respiratory epithe-
lial cells with Pseudomonas aeruginosa (24), where biofilm clus-
ters in airway epithelial cells were resistant to antibiotic killing.

It is possible that polymicrobial interactions between H. in-
fluenzae and S. pneumoniae may facilitate the invasion of epi-
thelial cells. Ratner et al. have shown that peptidoglycan from
H. influenzae synergizes with pneumococcal pneumolysin re-
sulting in the invasion of epithelial cells by H. influenzae (56)
and coinfection with H. influenzae resulted in the selection of a
more invasive S. pneumoniae strain (46). These and other data
suggest that the host response, as well as competitive interac-
tions between colonizing microorganisms, influence the out-
come of the host response and the elimination or persistence
of bacteria. Polymicrobial interactions also appear to affect
biofilm development by OM pathogens. Coinfection studies
with NTHi in the chinchilla model of OM indicated that NTHi
facilitated biofilm formation by S. pneumoniae (66) and M.
catarrhalis (3).

Biofilm development may influence the expression of sur-
face molecules that facilitate bacterial adherence and invasion
(Fig. 6) in response to selection pressures found in the human
upper respiratory tract such as antibiotic exposure, host im-
mune responses, and polymicrobial interactions. Our data
show that the principal OM pathogens, as well as S. aureus, are
present in biofilms on the adenoid surface in vivo associated
with human disease (COM) and in OSA according to at least
four specific criteria. Our results also indicate that the micro-
bial complexity of the human respiratory tract in COM may be
currently underestimated (5, 50). The Ibis approach in con-
junction with FISH may therefore present a significant advance
in the investigation of the complexity in biofilm-associated
diseases in general and COM in particular.
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